Vector boson fusion processes become increasingly more important at higher collider energies and for probing larger mass scales due to collinear logarithmic enhancements of the cross section. In this context, we revisit the production of a hypothetic heavy Majorana neutrino (N ) at hadron colliders. Particular attention is paid to the fusion process W γ → N ℓ ± . We systematically categorize the contributions from a photon initial state in the elastic, inelastic, and deeply inelastic channels. Comparing with the leading channel via the Drell-Yan production qq ′ → W * → N ℓ ± at NNLO in QCD, we find that the W γ fusion process becomes relatively more important at higher scales, surpassing the DY mechanism at m N ∼ 1 TeV (770 GeV) at the 14 TeV LHC (100 TeV VLHC). We investigate the inclusive heavy Majorana neutrino signal, including QCD corrections, and quantify the Standard Model backgrounds at future hadron colliders. We conclude that, with the currently allowed mixing |V µN | 2 < 6×10 −3 , a 5σ discovery can be made via the same-sign dimuon channel for m N = 530 (1070) GeV at the 14 TeV LHC (100 TeV VLHC) after 1 ab −1 . Reversely, for m N = 500 GeV and the same integrated luminosity, a mixing |V µN |
: Diagram representing resonant heavy Majorana neutrino production through the DY process and its decay into same-sign leptons and dijet. All diagrams were drawn using JaxoDraw [19] .
I INTRODUCTION
The discovery of the Higgs boson completes the Standard Model (SM). Yet, the existence of nonzero neutrino masses remains one of the clearest indications of physics beyond the Standard Model (BSM) [1] . The simplest SM extension that can simultaneously explain both the existence of neutrino masses and their smallness, the so-called Type I seesaw mechanism [2] , introduces a right 
Thus, the apparent smallness of neutrino masses compared to other fermion masses is due to the suppression by a new scale above the EW scale. Taking the Yukawa coupling to be y ν ∼ O(1), the heavy Majorana mass scale must be of the order 10 13 GeV to recover sub-eV light neutrinos masses.
However, if the Yukawa couplings are as small as the electron Yukawa coupling, i.e., y ν O(10 −5 ), then the Majorana mass scale could be at O(1) TeV or lower [3] [4] [5] .
Given the lack of guidance from theory of lepton flavor physics, searches for Majorana neutrinos must be carried out as general and model-independent as possible. Low-energy phenomenology of Majorana neutrinos has been studied in detail [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . At hadron colliders, the production channel most sensitive to heavy Majorana neutrinos (N ) is the resonant Drell-Yan (DY) process [6] [7] [8] [9] [10] [11] pp → W ± * → N ℓ ± ,
in which the like-sign dilepton channel violates lepton number L by two units (∆L = 2); see [20] [21] [22] . Non-observation in the dimuon channel has set a lower bound on the heavy neutrino mass of 100 (300) GeV for mixing |V µN | 2 = 10 −2 (−1) [21] . Bounds on mixing from 0νββ [23, 24] and EW precision data [25, 26] indicate that the 14 TeV LHC is sensitive to Majorana neutrinos with mass between 10 and 375
GeV after 100 fb −1 of data [10] . The recently renewed interest in a very large hadron collider (VLHC) with a center of mass (c.m.) energy about 100 TeV will undoubtedly extend the coverage and the search strategy may be re-examined at the new energy frontier.
Production channels for heavy Majorana neutrinos at higher orders of α were systematically cataloged in Ref. [9] . Recently, the vector boson fusion (VBF) channel W γ → N ℓ ± was studied at the LHC, and its t-channel enhancement to the total cross section was emphasized [17] . Along with that, they have also considered corrections to the DY process by including the tree-level QCD contributions to N ℓ ± +jets. Significant enhancement was claimed over both the leading order (LO) DY signal [10, 11] and the expected next-to-next-to-leading order (NNLO) in QCD-corrected DY rate [27] , prompting us to revisit the issue.
We carry out a systematic treatment of the photon-initiated processes. The elastic emission (or photon emission off a nucleon) at colliders, as shown in Fig. 2 (a), is of considerable interest for both SM [28] [29] [30] [31] [32] [33] [34] and BSM processes [35] [36] [37] [38] [39] [40] [41] , and has been observed at electron [42] , hadron [43, 44] , and lepton-hadron [45, 46] colliders. The inelastic (collinear photon off a quark) and deeply inelastic (large momentum transfer off a quark) channels, as depicted in Fig. 2 (b), may take over at higher momentum transfers [31, 47, 48] . Comparing with the DY production′ → W * → N ℓ ± , we find that the W γ fusion process becomes relatively more important at higher scales, taking over the QCD-corrected DY mechanism at 1 TeV (770 GeV) at the 14-TeV LHC (100 TeV VLHC). At m N ∼ 375 GeV, a benchmark value presented in [11] , we find the W γ contribution to be about 20% (30%) of the LO DY cross section.
NNLO in QCD corrections to the DY processes are well-known [27] and the K-factor for the inclusive cross sections are about 1.2 − 1.4 (1.2 − 1.5) at LHC (VLHC) energies. Taking into account all the contributions, we present the state-of-the-art results for the inclusive production of heavy neutrinos in 14 and 100 TeV pp collisions. We further perform a signal-versus-background analysis for a 100 TeV collider of the fully reconstructible and L-violating final state in Eq. (2) .
With the currently allowed mixing |V µN | 2 < 6 × 10 −3 , we find that the 5σ discovery potential of
Ref. [11] can be extended to m N = 530 (1070) GeV at the 14 TeV LHC (100 TeV VLHC) after 1 ab −1 . Reversely, for m N = 500 GeV and the same integrated luminosity, a mixing |V µN | 2 of the order 1.1 × 10 −3 (2.5 × 10 −4 ) may be probed. Our results are less optimistic than reported in [17] .
We attribute the discrepancy to their significant overestimate of the signal in the tree-level QCD calculations, as quantified in Sec. C.4.
The rest of paper is organized as follows: In Sec. II, we describe our treatment of the several production channels considered in this study, address the relevant scale dependence, and present the inclusive N ℓ ± rate at the 14 TeV LHC and 100 TeV VLHC. In Sec. III, we perform the signal- versus-background analysis at a future 100 TeV pp collider and report the discovery potential.
Finally summarize and conclude in Sec. IV. Appendices A and B present the details of the photon PDF's for the elastic and inelastic channels, respectively. Appendix C gives our treatment for the Poisson statistics.
II HEAVY N PRODUCTION AT HADRON COLLIDERS
For the production of a heavy Majorana neutrino at hadron colliders, the leading channel is the DY process at order α 2 (LO)
The QCD corrections to the DY process up to α 2 s (NNLO) are known [27] , and will be included in our later analyses. Among other potential contributions, the next promising channel perhaps is the VBF channel [9] W γ → N ℓ ± ,
due to the collinear logarithmic enhancement from t-channel vector boson radiation. Formally of order α 2 , there is an additional α suppression from the photon coupling to the radiation source.
Collinear radiation off charged fermions (protons or quarks) leads to significant enhancement but requires proper treatment. In our full analysis, W s are not considered initial-state partons [9] and all gauge invariant diagrams, including non-VBF contributions, are included.
We write the production cross section of a heavy state X in hadronic collisions as
where ξ a,b are the fractions of momenta carried by initial partons (i, j), Q f is the parton factorization scale, and τ =ŝ/s with √ s ( √ŝ ) the proton beam (parton) c.m. energy. For heavy neutrino production, the threshold is τ 0 = m 2 N /s. Parton luminosities are given in terms of the parton distribution functions (PDFs) f i,j/p by the expression
We include the light quarks (u, d, c, s) and adopt the 2010 update of the CTEQ6L PDFs [49] . Unless stated otherwise, all quark (and gluon) factorization scales are set to half the c.m. energy:
For the processes with initial state photons (γ), their treatment and associated scale choices are given in Sec. C.
Our formalism and notation follow Ref. [11] . For the heavy neutrino production via the SM charged current coupling, the cross section is proportional to the mixing parameter (squared) between the mass eigenstate N and the charged lepton ℓ (e, µ, τ ). Thus it is convenient to factorize
where σ 0 will be called the "bare cross section". The branching fraction of a heavy neutrino to a particular lepton flavor ℓ is proportional to
Thus for neutrino production and decay into same-sign leptons with dijet, it is similarly convenient to factorize out this ratio [10] :
The utility of this approach is that all the flavor-model dependence is encapsulated into a single, measurable number. Factorization into a bare rate and mixing coefficient holds generally for QCD and EW corrections as well.
A Constraints on Heavy Neutrino mixing
As seen above in Eq. (9), one of the most important model-dependent parameters to control the signal production rate is the neutrino mixing V ℓN . Addressing the origin of lepton flavor is beyond the scope of this study, so masses and mixing factors are taken as independent, phenomenological parameters. We consider only the lightest, heavy neutrino mass eigenstate and require it to be kinematically accessible. Updates on heavy neutrino constraints can be found elsewhere [11, 15, 50] .
Here we list only the most stringent bounds relevant to our analysis.
• Bounds from 0νββ: For heavy Majorana neutrinos with M i ≫ 1 GeV, the absence of 0νββ decay restricts the mixing between heavy mass and electron-flavor eigenstates [23, 24] :
• Bounds from EW Precision Data: Mixing between a SM singlet above a few hundred GeV in mass and lepton flavor eigenstates is constrained by EW data [25] :
We consider the existence of only the lightest heavy Majorana neutrino, which is equivalent to the decoupling limit where heavier eigenstates are taken to have infinite mass. Thus, for representative neutrino masses
we use the following mixing coefficients
corresponding to total neutrino a width of
As Γ t /m N ≈ 0.1% − 1%, the heavy neutrino resonance is very narrow and application of the narrow width approximation (NWA) is justified. For S ℓℓ , these mixing parameters imply 
Though the bound on |V eN | varies with m N , S µµ changes at the per mil level over the masses we investigate and is taken as constant. The allowed sizes of S eµ , S µµ , and S τ ℓ demonstrate the complementarity to searches for L-violation at 0νββ experiments afforded by hadron colliders. To make an exact comparison with Ref. [11] , we also consider the bound [26] 
However, bare results, which are mixing-independent, are presented wherever possible.
B N Production via the Drell-Yan Process at NNLO Before presenting the production cross sections, it is informative to understand the available parton luminosities (Φ ij ) as defined in Eq. At √ŝ ≈ 500 GeV (2 TeV), the gain is a factor of 600 (1.8 × 10 3 ), and the discovery potential of heavy Majorana neutrinos is greatly expanded. Luminosity ratios with respect to Φ′ are given in Fig. 3 (c) and 3(d), and will be discussed when appropriate.
Cross sections for resonant N production via the charged current DY process in Eq. (2) and shown in Fig. 1 [54] .
We estimate the 14 and 100 TeV pp NNLO K-factor * by using FEWZ 2.1 [55] to compute the equivalent quantity for the SM process
and impose only an minimum invariant mass cut, √ŝ min . Because LO N ℓ production and Eq. (21) are identical DY processes (up mass effects) with the same color structure, K-factors calculated with a fixedŝ are equal. 
This agrees with calculations for similar DY processes [56, 57] . We see that the higher order QCD corrections to the DY channel are quite stable, which will be important for our discussions in Sec. C. Throughout the study, independent of neutrino mass, we apply to the DY-process a
Including the QCD K-factor, we show the NNLO total cross sections (called the "bare cross section σ 0 " by factorizing out |V ℓN | 2 as defined in Eq. (9)) as a function of heavy neutrino mass in Figs. 4(a) and 4(b) for the 14-TeV LHC and 100-TeV VLHC, respectively. The curves are denoted by the * The N n LO K-factor is defined as
is the N n LO-corrected cross section and σ LO (N ℓ) is the lowest order (n = 0), or Born, cross section. † As no NNLO CTEQ6L PDF set exists, we have adopted the MSTW2008 series to obtain a self-consistent estimate of the NNLO K-factor. 
The motive to include these cuts is two-fold. First, they are consistent with the detector acceptance for our future simulations and the definition of "fiducial" cross section. Second, they serve as the kinematical regulator for processes with a potential collinear singularity, to be discussed next. The p T and η criteria at 100 TeV follow the 2013 Snowmass benchmarks [58] . 
C Photon-Initiated Processes
After the dominant DY channel, VBF via W γ fusion, as introduced in Eq. (4), presents a promising additional contribution to the heavy N production. We do not make any approximation for the initial state W and treat its radiation off the light quarks with exact matrix element calculations.
In fact, we consistently treat the full set of diagrams, shown in Fig. 5 , for the photon-initiated process at order α 3
Obviously, diagrams by the basic acceptance cuts in Eq. (25) . What is non-trivial, however, is how to properly treat initial-state photons across the different sources depicted in Fig. 2 . We now discuss the individual channels in detail.
C.1 Elastic Scattering: Intact Final-State Nucleons
Here and henceforth, the virtuality for the incoming photon in W γ fusion is denoted as Q γ > 0.
In the collinear limit that results in momentum transfers on the order of the proton mass or less,
p , initial-state photons are appropriately described as massless radiation by an elastic proton, i.e., does not break apart and remains as an on-shell nucleon, as indicated in Fig. 2 
(a).
To model this, we use the "Improved" Weizsäcker-Williams approximation [28] and factorize the photon's collinear behavior into a structure function of the proton to obtain the elastic photon PDF f El γ/p . In Eq. (5), this entails replacing one f i/p with f El γ/p :
The expression for f El γ/p , given in Appendix A, is dependent on a cutoff scale Λ El γ , above which the description of elastic p → γ emission starts to break down. Typically, the scale is taken to be ‡ Diagram Fig. 5 (d) involves a collinear singularity from massless quark splitting. It is unimportant for our current consideration since its contribution is simply a QED correction to the quark PDF. For consistency and without appreciable change of our results, Λ DIS γ = 15 GeV, defined in Eq. (34) , is applied as a regulator.
O(m p − 2 GeV) [28, 33, 34, [39] [40] [41] but should be insensitive to small variations if an appropriate scale is chosen. Based on analysis of ep scattering at low Q γ [59] , we take
The scale dependence associated with Λ El γ is discussed in Sec. E.
In Fig. 3 , the elastic luminosity spectrum (Φ El ) is denoted by the (green) dot line. For the range investigated, luminosities are roughly 2 − 4% of the′ DY luminosity at 14 and 100 TeV.
We calculate the matrix element for the diagrams in 
C.2 Inelastic Scattering: Collinear Photons From Quarks
For momentum transfers above the proton mass, the parton model is valid. When this configuration coincides with the collinear radiation limit, initial-state photons are appropriately described as being radiated by quark partons. To model a quark splitting to a photon, we follow the methodology of Ref. [36] and use the (original) Weizsäcker-Williams approximation [60] to obtain the inelastic photon PDF f Inel γ/p . Unlike the elastic case, factorization requires us to convolve about a splitting function. The inelastic N ℓ ± X cross section is obtained by making the replacement in Eq. (5)
where f γ/j is the Weizsäcker-Williams j → γ distribution function, with Q γ and Q f being the factorization scales for the photon and quark distributions, respectively. The summation is over all charged quarks. Details regarding Eq. (30) can be found in Appendix B.
Clearly, the scale for the photon momentum transfer should be above the elastic bound
What is not clear, however, is how high we should evolve Q γ . If we crudely consider the total inclusive cross section, we could simply choose the kinematical upper limit
N , which is a quite common practice in the literature [36] . However, we do not consider this a satisfactory treatment. Well below the kinematical upper limit, the photon virtuality Q γ becomes sufficiently large so that the collinear photon approximation as in Fig. 5 breaks down.
Consequently, "deeply inelastic scattering" (DIS), as in Fig. 6 , becomes the dominant feature.
Thus, a more reasonable treatment is to introduce an upper limit for the inelastic process Λ DIS γ ,
above which a full DIS calculation of Fig. 6 should be applied. We adopt the following scheme Consistent with Φ ij (τ ) in Eq. (7), we define the inelastic γq parton luminosity Φ Inel to be
In Fig. 3 , we give the Φ Inel spectrum as a function of √ τ , denoted by the (red) dash curve, for 14 and 100 TeV. For the range investigated, Φ Inel ranges between 2 − 4% of the DY luminosity.
Compared to its elastic counterpart, the smallness of the inelastic luminosity is attributed the limited Q 2 γ evolution. The inelastic matrix element is identical to the elastic case. In Figs 
C.3 Deeply Inelastic Scattering: High p T Quark Jet
As discussed in the previous section, at a sufficiently large momentum transfer the collinear photon description breaks down and the associated final-state quark emerges as an observable jet. The electroweak process at α 4
becomes DIS, as shown by the Feynman diagrams in Fig. 6 . The top row of Fig. 6 can be identified as the DIS analog of those diagrams in Fig. 5 . Again, the first two diagrams represent the W γ fusion with collinear log-enhancement from t-channel W exchange. At these momentum transfers, the W Z fusion channel [9] turns on but is numerically smaller; see Fig. 6 , bottom row, first diagram.
The center row and two bottom-rightmost diagrams in Fig. 6 represent on-shell W/Z production at α 3 with subsequent W/Z →′ decay. Those processes, however, scale as 1/ŝ and are not log-enhanced. A subset of these last diagrams also represent higher-order QED corrections to the DY process.
To model DIS, we use MG5 and simulate Eq. (33) at order α 4 . We impose § at the generator level a minimum on momentum transfers between initial-state and final-state quarks
This requirement serves to separate the elastic and inelastic channels from DIS. Sensitivity to this cutoff is addressed in Sec. E.
In Fig. 3 , we show the quark-quark parton luminosity spectrum Φ′ , the source of the DIS processes, and represented by the (orange) dash-diamond curves. Though possessing the largest parton luminosity, the channel must overcome its larger coupling and phase space suppression. At To compare channels, we observe that the DIS (elastic) process increases greatest (least) with increasing collider energies. This is due to the increase likelihood for larger momentum transfers in more energetic collisions. A similar conclusion was found for elastic and inelastic γγ scattering at the Tevatron and LHC [38] .
C.4 Total Neutrino Production from γ-Initiated Processes
The total heavy neutrino production cross section from γ-initiated processes may be obtained by summing the elastic, inelastic, and DIS channels [36, 38] :
We plot Eq. For m N = 100 GeV − 1 TeV, the total rate spans 3 − 100 (150 − 1000) fb at 14 (100) TeV, reaching about 90 (110)% of the DY rate at large m N . We find that the W γ fusion represents the largest heavy neutrino production mechanism for m N > 1 TeV (770) GeV at 14 (100) TeV. We expect for increasing collider energy this crossover will occur earlier at lighter neutrino masses. Cross sections for representative values of m N for all channels at 14 and 100 TeV are given in Table 2 .
Before closing the discussion for the heavy N production at hadron colliders, an important remark is in order. We have taken into account the inclusive QCD correction at NNLO as a K-factor. In contrast, Ref. [17] included the tree-level process at order α 2 α 2 s and α 4
When calculating the exclusive N ℓ ± jj cross section, kinematical cuts of p T j > 10 GeV and ∆R jj > 0.4 were applied to regularize the cross section. For m N = 200 GeV, the cross section was found to exceed the LO DY channel at 14 TeV, whereas we find that the NNLO correction to the inclusive cross section is only +30% and the DIS contribution is +5%.
To make the point concrete, we consider the tree-level QCD correction to the DY process at
where the final-state jet originates from an initial-state quark or gluon. MG5 is used to simulated Eq. (37). In Fig. 7 (a), the differential cross section of p j T is shown for a minimal p T at 5 GeV. The singularity at the origin is apparent. In Fig. 7(b) , the 14 TeV LHC cross section as a function of minimum p T cut on the jet is presented. A representative neutrino mass of m N = 300 GeV is used; no additional cut has been imposed. At p j min T = 10 GeV, as adopted in Ref. [17] , the N ℓj rate is nearly equal to the DY rate, well above the NNLO prediction for the inclusive cross section [27] .
D Kinematic Features of N Production with Jets at 14 TeV
To explore the kinematic distributions of the inclusive neutrino production, we fix √ s = 14 TeV and m N = 500 GeV. At 100 TeV, we observe little change in the kinematical features and our conclusions remain the same. The most notable difference, however, is a broadening of rapidity distributions. This is due an increase in longitudinal momentum carried by the final states, which follows from the increase in average momentum carried by initial-state partons. For m N ≥ 100 GeV, we observe little difference from the 500 GeV case we present. Throughout this study, jets are ranked by p T , namely, the jet with the largest (smallest) p T is referred to as hardest (softest).
In Fig. 8 , we plot the (a) p T and (b) η distributions of the hardest jet in p T produced in association with N for the various W γ fusion channels. Also shown are (c) p T and (d) η distributions of the sub-leading jet for the DIS channel. For the hardest jet, we observe a plateau at
and a rapidity concentrated at |η| ∼ 3.5, suggesting dominance of t-channel W boson emission.
For the soft jet, we observe a rise in cross section at low p T and a rapidity also concentrated at |η| ∼ 3.5, indicating t-channel emission of a massless vector boson. We conclude that VBF is the driving contribution γ-initiated heavy neutrino production.
In Fig. 9 , we plot the (a) p T and (b) η distributions of the charged lepton produced in association with N for all channels contributing to N ℓ production. Also shown are the (c) p T and (d) y distribution of N . For both leptons, we observed a tendency for softer p T and broader rapidity 
[GeV] distributions in γ-initiated channels than the DY channel. As DY heavy neutrino production proceeds through the s-channel, the N and ℓ possess harder p T than the γ-initiated states, which proceed through t-channel production and are thus more forward.
E Scale Dependence
For the processes under consideration, namely DY and W γ fusion, there are two factorization scales involved: Q f and Q γ . They characterize typical momentum transfers of the physical processes. For the γ-initiated channels, we separate the contributions into three regimes using Λ El γ and Λ DIS γ . Though the quark parton scale Q f is present in all channels, we assume it to be near m N and set 
[GeV] 
In Fig. 10 , we plot the variation band in each production channel cross section due to the shifting scale. For a given channel, rates are normalized to the cross section using the default scale choices, as discussed in the previous sections and summarized in the first column of Table 3 . High-(low-) 
scale choices are denoted by a solid line with right-side (upside-down) up triangles.
For the 14 TeV LO DY process, we observe in Fig. 10 (a) maximally a 9% upward (7% downward)
variation for the range of m N investigated. Below m N ≈ 300 GeV, the default scale scheme curve is below (above) the high (low) scale scheme curve. The trend is reversed for above m N ≈ 300 GeV.
At 100 TeV, the crossover point shifts to much higher values of m N . Numerically, we observe a smaller scale dependence at the 5% level.
In Fig. 10(b) , we plot scale variation associated with the factorization scale Q f for DIS. Maximally, we observe a 16% upward (8% downward) shift. We observe that the crossover between the high and low scale schemes now occurs at m N 100 GeV. This is to be expected asŝ for the 4-body DIS at a fixed neutrino mass is much larger than that for the 2-body DY channel. Similarly, as √ŝ and m N are no longer comparable, as in the DY case, an asymmetry between the high-and low-scale scheme curves emerges. At 100 TeV, we observe a smaller dependence at the 10% level.
In Fig. 10(c) , we show the dependence on Λ El γ in the elastic (dot) and inelastic (dash) channels, as well as the sum of the two channels (dash-dot). For the elastic channel we find very small dependence on Λ El γ between m p and 5 GeV, with the analytical expression given in Appendix A. For the inelastic channel, on the other hand, we find rather large dependence on Λ El γ between m p and 5 GeV. Since Λ El γ acts as the regulator of the inelastic channel's collinear logarithm, this large sensitivity is expected. We find that the summed rate is slightly more stable. In the region m p < Λ El γ < 2.3 GeV, the variation is below the 10% level. Over the entire range investigated, this grows to the 20% level. At 100 TeV, similar behavior is observed and the dependence grows to the 30% level over the entire range.
In Fig. 10(d) , for m N = 500 GeV, we plot the scale dependence on Λ DIS γ in the inelastic (dash) and DIS (dash-diamond) channels, as well as the sum of the two channels (dash-dot). Very large sensitivity on the scale is found for individual channels, ranging 40% − 60% over the entire domain.
However, as the choice of Λ DIS γ is arbitrary, we expect and observe that their sum is considerably The stability suggests the channels are well-matched for a scale choice in the range of 5 − 50 GeV.
The full results are summarized in Table 3 .
III HEAVY NEUTRINO OBSERVABILITY AT HADRON COLLIDERS A Kinematic Features of N Decay to Same-Sign Leptons with Jets at 100 TeV
We consider at a 100 TeV pp collider charged current production of a heavy Majorana neutrino N in association with n = 0, 1 or 2 jets, and its decay to same-sign leptons and a dijet via the subprocess N → ℓW → ℓjj:
Event simulation for the DY and DIS channels was handled with MG5. A NNLO K-factor of K = 1.3 is applied to the LO DY channel; kinematic distributions are not scaled by K. Elastic and inelastic channels were handled by extending neutrino production calculations to include heavy neutrino decay. The NWA with full spin correlation was applied. The elastic channel matrix element was again checked with MG5.
Detector response was modeled by applying a Gaussian smearing to jets and leptons. For jet energy, the energy resolution is parameterized by [61] σ
with a = 0.6 (0.9) and b = 0.05 (0.07) for |η| ≤ 3.2 (> 3.2), and where the terms are added in quadrature, i.e., x ⊕ y = x 2 + y 2 . For muons, the inverse-p T resolution is parameterized by [61] 
We will eventually discuss the sensitivity to the e ± µ ± final state and thus consider electron p T smearing. For electrons, ¶ the p T resolution is parameterized by [61] 
Both the muon 1/p T and electron p T smearing are translated into an energy smearing, keeping the polar angle unchanged. We only impose the cuts on the charged leptons as listed in Eq. (25).
In Fig. 11 , we show the transverse momentum and pseudorapidity distributions for the finalstate jets and same-sign dileptons in the processes Eq. (39) for m N = 500 GeV. Jets originating from N decay are denoted by j W i , for i = 1, 2, and are ranked by p T (p
T ). As the threebody N → ℓjj decay is preceded by the two-body N → ℓW process, p j W T scales like m N /4, as seen ¶ For this group of exotic searches, the dominant lepton uncertainty stems from pT mis-measurement. The energy uncertainty is only 1% versus a 20% uncertainty in the electron pT resolution [61] .
[GeV] in Fig. 11(a) . The jets produced in association with N are denoted by j 3 or j 4 , and also ranked by p T . As VBF drives these channels, we expect j 3 (associated with W * ) and j 4 (associated with γ * ) to scale like M W /2 and Λ DIS γ , respectively. In Fig. 11(b) , the η distributions of all final-state jets are shown. We see that j 3 and j 4 are significantly more forward than j W 1 and j W 2 , consistent with jets participating in VBF. The high degree of centrality of j W 1 and j W 2 follows from the central W decay. Additionally, ℓ 1 tends to be soft and more forward in the γ-initiated channels. For simplicity, we restrict our study to electrons and muons. We design our cut menu based on the same-sign muon channel. Up to detector smearing effects, the analysis remains unchanged for electrons. Jets and leptons are identified by imposing an isolation requirement; we require
We define our signal as two muons possessing the same electric charge and at least two jets satisfying the following fiducial and kinematic requirements:
The bare cross sections (defined by factorizing out S ℓℓ as defined in Eq. (10)) with cuts listed in Eqs. (44) and (43) and after smearing are given in the first row of Table 4 . Events with additional leptons are rejected. Events with additional jets are kept; we have not tried to utilize the VBF channel's high-rapidity jets. About 30-45% of all ℓ ± ℓ ′ ± jjX events survive these cuts. As learned from Fig. 11 , the η requirement given in Ref. [58] will considerably reduce selection efficiency.
Extending the fiducial coverage to η Max = 3 or larger, though technically difficult, can be very beneficial experimentally.
We plot the maximum p T of jets in Fig. 12(a) and of charged leptons in Fig. 12 we apply the following additional selection cuts to reduce background processes:
[GeV] The corresponding rate is given in the second row of Table 4 and we find that virtually all events pass Eq. (45) . As both p Max T are sensitive to m N , searches can be slightly optimized by instead imposing the variable cut
In each of the several production channels, the final-state charged leptons and jets are widely separated in ∆R; see Fig. 12 (c). With only a marginal effect on the signal rate, we impose the following cut that greatly reduces background from the heavy quarks such as tt production [10] ∆R min ℓj > 0.6. (47) [GeV] The corresponding rate is given in the third row of Table 4 and very little of the signal is lost with the cuts. If needed, Eq. (47) can be set as high as 1.0 and still maintain a high signal efficiency.
In Fig. 12(d) , the separation between the jets in the N decay is shown. For increasing m N , the separation decreases. This is the result of the W boson becoming more boosted at large m N , resulting in more collimated final-state jets. For TeV-scale N , substructure techniques become necessary for optimize event identification and reconstruction. We reserve studying the inclusive same-sign leptons with at least one (fat) jet for a future analysis.
For the signature studied here, no light neutrinos are present in the final-state. For the heavy neutrino widths listed in Eq. (16), the decay length βcτ is from 10 −2 − 1 fm, indicating that N is very short-lived. Thus, there is no source of missing transverse momentum (MET) in the samesign leptons with (n + 2)j aside from detector-level mis-measurements, which are parameterized by Eqs. (40)- (42) . With this smearing parameterization, forward (large η) jets are observed with less precision than central (small η) jets. Due to the naturally larger energies associated with forward jets participating in VBF at 100 TeV, the energy-dependent term in Eq. (40) provides a potentially large source of momentum mis-measurements in our analysis. This channel-dependent behavior can be seen in Fig. 13(a) for m N =500 GeV. In Fig. 13(b) , we plot the combined MET differential distribution for representative m N . To maximize the contributions to our signal rate, we impose the loose criterion
The corresponding rate is given in the fourth row of Table 4 and find most events pass. Though technically difficult, tightening this cut can greatly enhance the signal-to-noise ratio.
To identify the heavy neutrino resonance in the complicated ℓ ± ℓ ± +(n+2)j topology, we exploit that the N → ℓ ± jj decay results in two very energetic jets that remain very central and possess a resonant invariant mass. In the 4j final-state channel, (rare) contributions from N ℓ ± W ∓ can lead to the existence of a second W boson in our signal. To avoid misidentifying a second W (or a continuum distribution) as the W boson from our heavy neutrino decay, we employ the following algorithm: (i) We first consider all pairs of jets and require that at least one pair possesses an invariant mass close to M W , i.e., This is contrary to N ℓ ± W ∓ and continuum events, in which all states are mostly produced close to threshold. In Fig. 14(a) , we plot the reconstructed invariant mass of the dijet system satisfying this procedure and observe a very clear resonance at M W . The corresponding rate is given in the fifth row of Table 4 and show most events pass.
To remove background events from ttW production, events containing four or more jets with any three jets satisfying
are rejected. As this is a non-resonant distribution in the N ℓ + nj channel, its impact on the signal rate is minimal. The corresponding rate is given in the sixth row of Table 4 and show that nearly all Table 5 : Expected µ ± µ ± jjX (bare) signal and SM background rates at 100 TeV VLHC after cuts. Number of background events and required signal events for 2σ sensitivity after 100 fb −1 .
m N = 100 GeV 200 GeV 300 GeV 400 GeV 500 GeV 600 GeV (100 fb
events pass. A top quark-veto can be further optimized by introducing high-purity anti-b-tagging, e.g., Ref. [62] .
We identify N by imposing the m N -dependent requirement on the two (ℓ i , W Cand. ) pairs and choose whichever system possesses an invariant mass closer to m N . In Fig. 14(b) , we plot the reconstructed invariant mass of this system observing very clear peaks at m N . It is important to take into account that the width of the heavy neutrino grows like m 3 N , and reaches the 10 GeV-level at m N = 1000 GeV. Therefore, we apply the following width-sensitive cut:
The corresponding rate is given in the seventh row of Table 4 and find most events pass.
The acceptance A of our signal rate, defined as
is given in the last row of Table 4 . The total bare rate for the µµ and µe channels at representative values of m N are given, respectively, in the Tables 5 and 6 .
C Background
Although there are no lepton-number violating processes in the SM, there exist rare processes with final-state, same-sign leptons as well as "faked" backgrounds from detector mis-measurement. Here we describe our estimate of the leading backgrounds to the final-state (100 fb for the µµ and eµ channels. The principle SM processes are ttX, W ± W ± X, and electron charge misidentification. We model the parton-level matrix elements for these processes using MG5 aMC@NLO [53] and the CTEQ6L PDFs [49] with factorization and renormalization scales Q = √ŝ /2. We perform the background analysis in the same manner as for the signal-analysis.
C.1 tt
At a 100 TeV pp collider, radiative EW processes at α 2 s α such as
possess non-negligible cross sections. At LO, σ(ttW → µ ± µ ± bbjjν µ ν µ ) ≈ 40 fb, and threatens discovery potential. At 14 TeV, ttW possesses a NLO K-factor of K = 1.2 [63] ; as an estimate, this is applied at 100 TeV. The tight acceptance rates, reduces the rate by roughly 75%, as shown in Table 7 . Unlike the signal process, ttW produces two light neutrinos, an inherent source of MET.
After the MET cut, the background rate is reduced to the 2 fb level. Lastly, the decay chain
can be reconstructed into a top quark. Rejecting any event with a three-jet invariant mass near the top quark mass, i.e., Eq. (50), dramatically reduces this background to the tens of ab level. At this point, approximately 0.2% of events passing initial selection criteria survive.
At 100 TeV, the NLO tt cross section is estimated to be σ(tt) ≈ 1.8 × 10 7 fb [58] . Hence, rare top quark decays have the potential to spoil our sensitivity, e.g.,
where a b-quark hadronizes into a B-meson that then decays semi-leptonically through the b → cℓν ℓ subprocess, which is proportional to the small mixing |V cb | 2 . The MET and ∆R ℓj cuts render the rate negligible [11] . Usage of high-purity anti-b tagging techniques [62] can further suppresses this process. The b → u transition offers a similar background but is |V ub /V cb | 2 ∼ (0.1) 2 smaller [54] .
C.2 Electron Charge Misidentification
An important source of background for the e ± µ ± channel is from electron charge misidentification in fully leptonic decays of top quark pairs:
Electron charge misidentification occurs when an electron undergoes bremsstrahlung in the tracker volume and the associated photon converts into an e + e − pair. If the electron of opposite charge carries a large fraction of the original electron's energy, then the oppositely charged electron may be misidentified as the primary electron. For muons, this effect is negligible due the near absence of photons converting to muons [64, 65] . At the CMS detector, the electron charge misidentification rate, ǫ e Mis−ID , has been determined as a function of generator-level η [65] . We assume a uniform conservative electron charge misidentification rate of ǫ e Mis−ID = 3.5 × 10 −3 . To estimate the effect of electron charge mis-ID at 100 TeV, we consider Eq. (57), normalized to NLO. Other charge mis-ID channels, including Z + nj, are coupling/phase space suppressed compared to tt. The tt rate after selection cuts is recorded in Table 7 , and exists at the 100 pb level. We find that the electron charge mis-ID rate for Eq. (57) can be as large as 11 fb before the m N Cand cut is applied. As either electron in the e ± e ± channel can be tagged, the mis-ID background is the same size as the e ± µ ± channel. Applying the m N Cand cut we observe that the background quickly falls off for m N 200 GeV. As with other backgrounds possessing final-state bottoms, high purity anti-b-tagging offers improvements. We conclude that the effects of charge misidentification are the dominant background in electron-based final states.
The QCD and EW processes at orders α 2 s α 2 and α 3 , respectively,
present a challenging background due to their sizable rates and kinematic similarity to the signal process. The triboson production rate at NLO in QCD for 14 TeV LHC has been calculated [66] .
As an estimate, we apply the 14 TeV K-factor of K = 1.8 to the 100 TeV LO W ± W ± W ∓ channel.
After requiring the signal definition criteria, we find the W ± W ± backgrounds are present at the Imposing a maximum on the allowed MET reduces the background by about 35%. As no W → jj decay exists in the QCD process, the reconstructed M W requirement drops the rate considerably.
With the m t veto, the SM W ± W ± X rate is 0.4 (0.9) fb for the µµ (eµ) channel.
For all background channels, we apply the m N -dependent cut given in Eq. (51) on the invariant mass of the reconstructed W candidate with either charged lepton. The total expected SM background after all selection cuts as a function of m N are given for the µµ channel in Fig. 15(a) , and the eµ channel in Fig. 15(b) . The total expected SM background for representative values of m N are given in Tables 5 and 6 , respectively. For these channels, we find a SM background of 1 − 115 ab and 1 − 4000 ab for the neutrino masses considered. For both channels, the background is greatest for m N 400 GeV and become comparable for m N 600 GeV.
D Discovery Potential at 100 TeV
We now estimate the discovery potential at a 100 TeV VLHC of L-violation via same-sign leptons and jets. We quantify this using Poisson statistics. Details of our treatment can be found in App. C.
The total neutrino cross section is related to the total bare cross section by the expression
We consider two scenarios for S µµ used by Ref. [11] , dubbed the "optimistic" scenario,
and the more stringent value obtained in Eq. (19) , dubbed the "pessimistic" scenario,
[GeV] At 100 TeV and as a function of m N , the 2σ sensitivity to S ℓℓ ′ after 100 fb −1 (dash-diamond) and 1 ab −1 (dash-star) for the (a) µ ± µ ± and (b) e ± µ ± channels. The optimistic (pessimistic) bound is given by the solid (short-dash) horizontal line. (c) The required luminosity for a 3 (dash-circle) and 5σ (dash-star) discovery in the µ ± µ ± channel For S eµ , we use the m N -dependent quantity obtained in Eq. (18), i.e., 10 −5 − 10 −6 . We introduce a 20% systematic uncertainty by making the following scaling to the SM background cross section
For the µµ and eµ channels, respectively, the maximum number of background events and requisite number of signal events at a 2σ significance after 100 fb −1 are given in Tables 5 and 6 . For the µµ channel, these span 1 − 18 background and 5 − 16 signal events; for eµ, 1 − 434 and 5 − 71 events.
We translate this into sensitivity to the mixing parameter S ℓℓ ′ . We plot the 2σ contours in S ℓℓ ′ − m N space assuming 100 fb −1 (dash-diamond) and 1 ab −1 (dash-star) for the µµ [ Fig. 16 (a)] and eµ [ Fig. 16(b) ] channels. In the µµ scenario and m N = 500 GeV, a mixing at the level of S µµ = 1.2 × 10 −3 (2.5 × 10 −4 ) with 100 −1 (1 ab −1 ) can be probed. The optimistic (pessimistic)
bound is given by the solid (short-dash) horizontal line. In the eµ scenario and the same mass, we find sensitivity to S eµ = 7.2 (1.5) × 10 −4 . For the eµ channel, the EW+0νββ bound is at the 10 −6 − 10 −5 level. Sensitivity to S ℓℓ ′ at 100 TeV is summarized in Table 9 .
Comparatively, we observe a slight "dip" (broad "bump") in the µµ (eµ) curve around 200
GeV. For the µµ channel, this is due to the low signal acceptance rates for Majorana neutrinos very close to the W threshold; the search methodology for m N near or below the M W has been studied elsewhere [10, 11] . At m N = 200 GeV, the signal acceptance rate rapidly grows, greatly increasing sensitivity. In the eµ channel, the electron charge mis-ID background is greatest in the region around 200 GeV and quickly dwindles for larger m N . In the low-mass regime, we find greater sensitivity in the µµ channel. However, due to flavor multiplicity and comparable background rates, the eµ channel has greater sensitivity in the large-m N regime.
In Fig. 16(c) , we plot as a function of m N the required luminosity for a 3σ (circle) and 5σ
(star) discovery in the µµ channel for the optimistic (purple, dash-dot) and pessimistic (red, dash) mixing scenarios. With 100 fb −1 (1 ab −1 ) and in the optimistic scenario, a Majorana neutrino with m N = 580 (1070) GeV can be discovered at 5σ significance; with the same integrated luminosity but in the pessimistic scenario, the reach is m N = 215 (615) GeV. In the optimistic (pessimistic) scenario, for a 375 GeV Majorana neutrino, a benchmark used by Ref. [11] , a 5σ discovery can be achieved with 40 (350) fb −1 ; for 500 GeV, this is 80 (750) fb −1 . Sensitivity to m N at 100 TeV is summarized in Table 10 .
E Updated Discovery Potential at 14 TeV LHC
We update the 14 TeV LHC discovery potential to heavy Majorana neutrinos above the W boson threshold decaying to same-sign muons. Our procedure largely follows the 100 TeV scenario but numerical values are based on Ref. [11] . Signal-wise, we require exactly two same-sign muons (vetoing additional leptons) and at least two jets (allowing additional jets) satisfying the cuts listed in Table 11 . Differences from the analysis introduced by Ref. [11] include: Updated smearing parameterization given in Eqs. (40) and (41); an E T requirement based on the ATLAS detector capabilities given in Ref.
[21]; cuts on the leading charged lepton and jet; and more stringent requirements on the W and N candidate masses. These differences sacrifice sensitivity to m N 100 GeV for high-mass reach. For our NNLO in QCD K-factor, we use K = 1.2. We report the expected heavy neutrino production rate for representative m N in the first row of Table 12 . After all cuts, the total bare rate ranges from 2 − 580 fb for m N = 100 − 700 GeV.
As previously discussed or shown, the tt background for the dimuon channel is negligible, so we focus on W ± W ± pairs. For triboson production, an NLO in QCD K factor of K = 1.8 is applied [66] . After all cuts, the expected SM background for representative m N is given in the second row Table 12 . After the m N -dependent cut, the expected SM background rate reaches at most 19 ab. Like the 100 TeV case, a 20% systematic is introduced into the background. For the µµ and eµ channels, respectively, The maximum number of background events and requisite number of signal events at a 2σ significance after 100 fb −1 are given in the third and fourth rows, respectively, of Table 12 .
In Fig. 17(a) , we plot the 2σ sensitivity to the mixing coefficient S µµ after 100 fb −1 (dashdiamond) and 1 ab −1 (dash-star). For the benchmark m N = 375 GeV, a mixing at the level of S µµ = 3 × 10 −3 (5.5 × 10 −4 ) with 100 −1 (1 ab −1 ) can be probed; for m N = 500 GeV, we find sensitivity to be S µµ = 8 × 10 −3 (1.1 × 10 −4 ). The optimistic (pessimistic) bound is given by the solid (short-dash) horizontal line. Sensitivity to S µµ at 14 TeV is summarized in Table 9 .
In Fig. 17(b) , we plot as a function of m N the required luminosity for a 3σ (circle) and 5σ (star) discovery in the µµ channel for the optimistic (purple, dash-dot) and pessimistic (red, dash) mixing scenarios. With 100 fb −1 (1 ab −1 ) and in the optimistic scenario, a Majorana neutrino with m N = 270 (530) GeV can be discovered at 5σ significance; in the pessimistic scenario, the reach is m N = 135 (280) GeV. In the optimistic (pessimistic) scenario, for the 375 GeV benchmark, a 5σ discovery can be achieved with 300 (2600) fb −1 ; for 500 GeV, this is 810 (6900) fb −1 . Sensitivity to m N at 14 TeV is summarized in Table 10 .
IV SUMMARY
The search for a heavy Majorana neutrino at the LHC is of fundamental importance. It is complimentary to the neutrino oscillation programs and in particular the neutrinoless double-beta decay experiments. We have studied the production of a heavy Majorana neutrino production and its lepton-number violating decay as in Eq. (39) , including the NNLO DY contribution, the elastic and inelastic pγ → N ℓj processes, and the DIS pp → N ℓjj process via W γ * fusion. We have determined the discovery potential of the same-sign dilepton signal at a future 100 TeV pp collider, and updated the results at the 14 TeV LHC. We summarize our findings as follows:
• Vector boson fusion processes via W γ → N ℓ become increasingly more important at higher collider energies and larger mass scales due to collinear logarithmic enhancements of the cross section. At the 14 TeV LHC, the three contributing channels of elastic, inelastic and DIS are comparable in magnitude, while at the 100 TeV VLHC, the tendency in increasing importance is DIS, inelastic, and elastic; see Figs. 4(a) and 4(b).
• We approximately computed the QCD corrections up to NNLO of the DY production of N ℓ to obtain the K-factor. We found it to span 1.2 − 1.5 for m N values between 100 GeV and 1 TeV at 14 and 100 TeV pp collisions, and is summarized in Table 1 .
• The W γ fusion processes surpasses the DY mechanism at m N 1 TeV (770 GeV) at the • We have introduced a systematic treatment for combining initial-state photons from various channels and predict cross sections that are rather stable against the scale choices, typically less than 20%. The exception is the inelastic process, which is rather sensitive to the scale Λ El γ where the elastic and inelastic processes are separated. Variation of this scale could lead to about 30% uncertainty. Scale dependence is shown in Fig. 10 and the results summarized in Table 3 .
• We quantified the signal observability by examining the SM backgrounds. We conclude that, with the currently allowed mixing |V µN | 2 < 6 × 10 −3 , a 5σ discovery can be made via the same-sign dimuon channel for m N = 530 (1070) GeV at the 14 TeV LHC (100 TeV VLHC) after 1 ab −1 ; see Table 10 . Reversely, for m N = 500 GeV and the same integrated luminosity, a mixing |V µN | 2 of the order 1.1 × 10 −3 (2.5 × 10 −4 ) may be probed; see Table 9 . This study represents the first investigation into heavy Majorana neutrino production in 100 TeV pp collisions.
The minimal fraction z of energy that can be carried away by the photon from the quark corresponds to when the quark has the maximum fraction ξ 2 of energy from its parent proton. Thus, for a fixed ξ γ , we have 1 = max(ξ 2 ) = max ξ γ z = ξ γ min(z) =⇒ min(z) = ξ γ .
The resulting expression is σ Inel (pp → N ℓ ± X) = Real, initial-state photons from inelastic quark emissions can be studied in MG5 by linking the appropriate Les Houches accord PDFs (LHAPDF) libraries [69] and using the MRST2004QED [48] or NNPDF QED [70] PDF sets. With this prescription, sub-leading (but important) photon substructure effects [35] , e.g., P gγ splitting functions, are included in evolution equations.
C Poisson Statistics
To determine the discovery potential at a particular significance, we first translate significance into a corresponding confidence level (CL) , e.g., 2σ ↔ 95.45% CL, 3σ ↔ 99.73% CL, 5σ ↔ 99.9999% CL.
Given an given integrated luminosity L, SM background rate σ SM , and CL, say 95.45% CL, we solve for the maximum number of background-only events, denoted by n b , using the Poisson distribution:
The requisite number of signal events at a 95.45% CL (or 2σ significance) is obtained by solving for the mean number of signal events µ s such that a mean number of total expected events (µ s + µ b ) will generate n b events only 4.55%(= 100% − 95.45%) of the time, i.e., find µ s such that
The 2σ sensitivity to nonzero S ℓℓ is then
For fixed signal σ s and background σ SM rates, µ s + µ b = (σ s + σ SM ) × L. The required luminosity for a 2σ discovery can then be obtained by solving Eq. (79) for L.
We use σ-sensitivity and CL interchangeably in the text.
